Introduction
Postsynaptic density protein 95 (PSD-95) belongs to the membrane-associated guanylate kinase superfamily, which consist of three PSD-95/discs large/zona occludens-1 (PDZ) domains, one Src homology 3 (SH3) domain and one guanylate kinase-like domain. Members of the PSD-95 family are thought to act as molecular scaffolds that regulate the assembly and function of the multiprotein-signaling complex found at the postsynaptic density (PSD) of excitatory synapses [1] [2] [3] . In excitatory as Src, a member of the Src family in the central nervous system (CNS), which plays important roles in the synaptic targeting and signaling of NMDARs [4, 5] . However, the mechanisms remain elusive.
NMDARs are crucial for CNS development, neuroplasticity, and pathophysiology. They exist as heteromers composed of both NR1 and NR2 (NR2A-NR2D) subunits, and in some cases NR3 subunits (NR3A and NR3B) [6] [7] [8] [9] .
NR2 subunits form and contribute to the binding site of many NMDAR modulators, and influence receptor desensitization. In PSDs, binding of the cytosolic C-terminals of NR2 subunits to the PDZ domains of PSD-95 is the major component [10, 11] . The interaction between NMDAR NR2 subunits and PSD-95 is important for specific localization of NMDARs in the PSD and for the coupling of NMDARs to cytoplasmic signaling pathways. Tyrosine phosphorylation, which is important for the regulation of protein function under physiological and pathological conditions, controls the activity of the NMDAR ion channel.
NMDAR NR2 subunits contain many tyrosine residues in their cytoplasmic tails, and activation of NMDARs is mediated by protein tyrosine kinases (PTKs). In fact, 1%-2% of NR2A and NR2B subunits are tyrosine-phosphorylated in the brain. Moreover, tyrosine phosphorylation of NMDAR subunits is increased during long-term potentiation and taste learning [12] [13] [14] . Src, a non-receptor PTK, up-regulates NMDAR channel activity [5, 15] . The up-regulation of NMDAR activity by Src is necessary for the long-term potentiation of synaptic transmission at Schaffer collateral-CA1 synapses in the hippocampus, the predominant cellular model for learning and memory [16] .
Among the five members of the Src family of nonreceptor PTKs expressed in the CNS (Src, Fyn, Lyn, Lck and Yes), Src and Fyn play important roles in synaptic transmission and plasticity at excitatory synapses [15] . The Src family of PTKs contain highly homologous regions, including an SH2 domain, an SH3 domain and a catalytic domain at the C-terminal. In the CNS, Src is prominently located in the PSD. Both in vivo and in vitro studies [17] [18] [19] have suggested an association of Src with the prominent PSD scaffolding protein PSD-95. Furthermore, a growing body of evidence indicates that the regulation of glutamatergic neurotransmission and synaptic plasticity is the key function of Src in the CNS. At glutamatergic synapses, Src modulates the activity of NMDARs [15, 20, 21] .
The present study investigated the effects of antisense oligonucleotides against PSD-95 on NR2A tyrosine phosphorylation, on the interaction between NR2A and PSD-95 or Src, and on the apoptosis-like cell death induced by oxygen-glucose deprivation (OGD) in cultured rat cortical neurons. 
Materials and methods

Cortical neuron cultures
OGD and drug treatment
Cultures were exposed to OGD at 37°C after 16-day incubation when the cells were vulnerable to OGD insult [22] . Briefly, cultures were washed three times with glucose-free Krebs-Ringer (KR) buffer were stored at -80°C until use and were thawed only once. Protein bands were scanned and the mean optical densities were analyzed with Lab Works Software (UVP, Upland, CA, USA).
Assessment of apoptosis-like cell death
Immunoprecipitation
Statistical analysis
Data are presented as mean ± SD from five independent cultures. Statistical analysis was performed using one-way analysis of variance followed by the Duncan's new multiple range method. P <0.05 was considered as statistically significant. (Fig. 1A, B) . Besides, as measured at 24 h of recovery after OGD, DAPI staining showed that the apoptosis-like cell death was increased after OGD/recovery, while suppression of PSD-95 expression protected against the injury induced by OGD, decreasing the proportion of apoptosis- like cells from 81% to 44%. However, the missense oligonucleotides and vehicle had no such effects (Fig. 1C,   D) . These results suggested that suppression of PSD-95 expression protected against the apoptosis-like cell death induced by OGD/recovery in cultured rat cortical neurons.
Enhanced tyrosine phosphorylation of NR2A induced
by OGD/recovery in cultured rat cortical neurons Immunoprecipitation and immunoblotting showed that tyrosine phosphorylation of NR2A reached a peak of up to 4.9-fold vs sham at 18 h of recovery, while the level of NR2A protein remained unchanged ( Fig. 2A, B) . The results showed that tyrosine phosphorylation of NR2A increased during recovery following OGD in cultured cortical neurons. In either immunoprecipitation with anti-NR2A antibody followed by immunoblotting with anti-phosphotyrosine antibody, or immunoprecipitation with anti-phosphotyrosine antibody followed by immunoblotting with anti-NR2A
antibody, a band was detected at 175 kDa, and a band of the same molecular weight in the "input" lane was also detected (Fig. 2C ). In immunoprecipitation with nonspecific while the missense oligonucleotides and vehicle had no effect (Fig. 3A, B) . Meanwhile, suppression of PSD-95 expression significantly attenuated the interaction between NR2A and PSD-95 from 3.6-to 1.5-fold, and the interaction between NR2A and Src from 3.8-to 1.2-fold, while the missense oligonucleotides and vehicle had no such effects. Furthermore, the protein level of NR2A remained unchanged after the above treatment (Fig. 3A, B) . The results indicated that suppression of PSD-95 expression may protect cortical neuronal cultures against OGD insults by diminishing the interactions between NR2A and PSD-95
or Src. 
Discussion
The brain is known to be particularly vulnerable to ischemia. Cerebral ischemia triggers excessive presynaptic release of the excitatory neurotransmitter glutamate. The excess of glutamate over-stimulates postsynaptic receptors such as NMDARs, thereby opening the associated ion channels and leading to calcium overload [23] . The calcium influx activates intracellular proteases and initiates a cascade of further energy-consuming and ultimately lethal processes. Src family kinases are activated rapidly, leading to up-regulation of NMDAR function [15] . Our previous study has shown that NR2A tyrosine phosphorylation induced by transient ischemia and reperfusion exhibits a rapid and sustained rise, a process mediated by PSD-95 [19] that also correlates with Src [24] . In this study, we examined the alteration of NR2A tyrosine phosphorylation and the as- PSD-95 binds to postsynaptic NMDARs, causing receptor clustering to the plasma membrane and creating a scaffold for numerous downstream signaling cascades [25, 26] , and regulating NMDA channel gating [27] . The PDZ domains of PSD-95 interact with the C-terminal tail of NR2A, which specifically localizes NMDARs to the PSD.
The SH3 domain of members of the Src family may also interact with the PDZ domains of PSD-95. The Src family is critical for regulating the tyrosine phosphorylation of NMDARs and the opening of NMDAR ion channels [5, 19, 24] .
At the same time, cerebral ischemia increases the interaction of PSD-95 with neuronal nitric oxide synthase (nNOS).
Disruption of the interaction between PSD-95 and nNOS may prevent cerebral ischemic damage [28] . Our current study showed that the increases of the interactions between NR2A and PSD-95 or Src were attenuated by suppressing PSD-95 after OGD/recovery in cultured cortical neurons.
The interactions between PSD-95 and nNOS were also 
